The guard cell S-type anion channel, SLOW ANION CHANNEL 1 (SLAC1), a key component in the control of stomatal movements, is activated in response to CO 2 and ABA. Several amino acids existing in the N-terminal region of SLAC1 are involved in regulating its activity via phosphorylation in the ABA response. However, little is known about sites involved in CO 2 signal perception. To dissect sites that are necessary for the stomatal CO 2 response, I performed slac1 complementation experiments using transgenic plants expressing truncated SLAC1 proteins. Measurements of gas exchange and stomatal apertures in the truncated transgenic lines in response to CO 2 and ABA revealed that sites involved in the stomatal CO 2 response exist in the transmembrane region and do not require the SLAC1 N-and C-termini. CO 2 and ABA regulation of S-type anion channel activity in guard cells of the transgenic lines confirmed these results. In vivo site-directed mutagenesis experiments targeted to amino acids within the transmembrane region of SLAC1 raise the possibility that two tyrosine residues exposed on the membrane are involved in the stomatal CO 2 response. 
INTRODUCTION
Stomata are pores formed by pairs of guard cells that mediate gas exchange between plants and the atmosphere. Adjustment of stomatal apertures is achieved by controlled transport of osmoregulatory ions through several types of ion channels (Hetherington and Woodward, 2003; Kim et al., 2010) . Blue light activates a H + -ATPase that induces plasma membrane hyperpolarization to drive K + uptake through inward K + channels, causing stomatal opening (Kinoshita and Hayashi, 2011) . By contrast, when guard cells perceive a high CO 2 concentration, ozone and the plant hormone ABA, anion channels are activated and the efflux of anions induces plasma membrane depolarization that activates outward K + channels, causing stomatal closure (Kim et al., 2010; Kollist et al., 2011; Negi et al., 2014) .
SLAC1, an S-type anion channel that was genetically isolated from mutant screenings, plays a key role in stomatal closing (Negi et al., 2008; Vahisalu et al., 2008) . Most studies of SLAC1 regulation have been concerned with the phosphorylation of the SLAC1 N-terminal region in the ABA signaling pathway. OPEN STOMATA 1 (OST1), an important kinase in stomatal ABA signaling (Mustilli et al., 2002; Yoshida et al., 2002) , activates the SLAC1 by phosphorylating serine 120 (S120) in the N-terminal region (Geiger et al., 2009; Lee et al., 2009; Vahisalu et al., 2010) . The PP2C-type phosphatase ABA INSENSITIVE 1 (ABI1) inhibits this phosphorylation by interacting with OST1. CALCIUM-DEPENDENT PROTEIN KINASE 6 (CPK6) is involved in ABA-induced stomatal closure (Mori et al., 2006) . Oocyte electrophysiology experiments demonstrated that CPK6 interacts with SLAC1, leading to its activation via phosphorylation of S59 in the N-terminal region of SLAC1. ABI1 directly 3 dephosphorylates S59 and other N-terminal residues (Brandt et al., 2012) . Replacement of both S59 and S120 with alanine severely impairs ABA activation of S-type anion channels and stomatal closing in vivo (Brandt et al., 2015) . This mechanism for SLAC1 activation by ABA was confirmed by reconstitution experiments in Xenopus oocytes using CPK6 or OST1, ABI1 and the ABA receptor, PYRABACTIN RESISTANCE 1 (PYR1) (Brandt et al., 2012) . CPK23, GUARD CELL HYDROGEN PEROXIDE-RESISTANT 1 (GHR1) and CBL INTERACTING PROTEIN KINASE 23 (CIPK23) also activate SLAC1 via phosphorylation of its N-terminal region in Xenopus oocytes (Geiger et al., 2010; Hua et al., 2012; Maierhofer et al., 2014) . The target amino acid residues of these kinases remain to be directly determined.
In addition to the N-terminal region of SLAC1, the C-terminal region is also phosphorylated by OST1 (Lee et al., 2009 ). Site-directed mutagenesis experiments
showed that the phosphorylation-mimic mutant T513D, in which threonine 513 of SLAC1 is replaced with aspartic acid, exhibits kinase-independent S-type anion channel activity, suggesting the possibility that T513 is involved in the activation of SLAC1 (Maierhofer et al., 2014) . When T513 is replaced with alanine (T513A), SLAC1 channel activity is still observed upon co-expression with OST1 or CPK6 (Maierhofer et al., 2014) .
Although several studies have provided detailed information about ABA-induced SLAC1 activation, the mechanism for CO 2 -induced SLAC1 activation remains unclear.
The carbonic anhydrases BETA CARBONIC ANHYDRASE 1 (βCA1) and BETA CARBONIC ANHYDRASE 4 (βCA4) catalyze fast, reversible hydration of carbon dioxide to bicarbonate in guard cells and accelerate CO 2 -induced stomatal closing . HIGH LEAF TEMPERATURE 1 (HT1) was identified as a negative 4 regulator of the CO 2 response pathway (Hashimoto et al., 2006) . These studies suggest the possible existence of a CO 2 -specific pathway. RESISTANT TO CO 2 (RHC1) was also recently characterized as a component of the CO 2 -specific signaling pathway (Tian et al., 2015) . Oocyte electrophysiology experiments and kinase assays suggested that RHC1 mediates SLAC1 activation by inhibiting HT1. By contrast, ost1 mutants were reported to be insensitive to both CO 2 and ABA, suggesting that the convergence point of both signal transduction pathways occurs at the level of OST1 or earlier (Xue et al., 2011 ).
In addition, F450 is located in the pore domain of the SLAC1 channel and is a key amino acid residue for gating the channel (Chen et al., 2010) . Very large SLAC1
currents are observed when a mutant SLAC1 protein in which F450 is replaced by alanine (F450A) is expressed in oocytes, suggesting that the side chain of F450 occludes the SLAC1 channel pore (Chen et al., 2010) .
These previous studies demonstrated mechanisms for SLAC1 activation in vitro.
However, little research has been carried out from the viewpoint of the stomatal responses to CO 2 . Here, I searched for sites in SLAC1 that are necessary for the stomatal response to CO 2 using transgenic plants. Using several independent methods, I
found that transgenic plants expressing SLAC1 proteins truncated at both the C-and N-terminal regions restored the slac1 CO 2 -insensitive phenotype, whereas these truncated forms of SLAC1 did not restore the ABA-insensitive phenotype. These observations suggested that SLAC1 perceives CO 2 signals at a transmembrane region via an ABA-independent pathway.
RESULTS

5
Transgenic Lines Expressing SLAC1 Proteins Truncated at both the C-and N-Terminal Regions Restore the slac1 CO 2 -Insensitive Phenotype
To dissect the sites of SLAC1 necessary for stomatal CO 2 response in vivo, transgenic plants expressing several truncated variants of SLAC1 protein were analyzed for their ability to respond to CO 2 . SLAC1 truncated constructs in the N-or C-or both terminal regions (ΔN, ΔC and ΔNC, amino acids 180-556, 1-507, 180-507, respectively) and a full-length SLAC1 construct were introduced into slac1-4, a T-DNA insertion null mutant, under the control of the native SLAC1 promoter ( Figure 1A ). Green fluorescence protein (GFP) was fused to the C-terminus of all truncated and full-length SLAC1 proteins in order to confirm their localization to stomatal plasma membranes by fluorescence microscopic imaging ( Figures 1B to 1E ).
Using gas exchange measurements, we investigated whether ∆N, ∆C and ∆NC transgenic lines restored the slac1 CO 2 -insensitive phenotype. Increases in CO 2 concentration from 0 ppm to 700 ppm reduced stomatal conductance in wild-type plants, whereas the conductance was hardly reduced in the slac1-4 mutant (Figures 2A to 2C ).
Unexpectedly, the ΔN, ΔC and ΔNC transgenic lines were still able to respond to CO 2 (Figures 2A to 2C ), even though the responses in the ΔN and ΔNC transgenic lines were slightly slower. I also examined the stomatal apertures of transgenic lines exposed to low or high CO 2 levels. When plants were exposed to high CO 2 concentrations, the stomata of the transgenic lines closed in a manner similar to those of wild-type ( Figure   2D ), consistent with the stomatal conductance measurements. These results suggested that the sites involved in stomatal CO 2 response exist in the transmembrane region of SLAC1. Figure 2E ). Thus, not only the N-terminal region but also the C-terminal region of SLAC1 is involved in the response to ABA in vivo.
Replacement of S120 by Alanine Has No Effect on the Stomatal CO 2 Response in
Vivo
The N-terminal region of SLAC1 harbors multiple phosphorylation sites including S120
which is reported to be phosphorylated by OST1 (Geiger et al., 2009; Lee et al., 2009; Vahisalu et al., 2010) . OST1, an important kinase in stomatal ABA signaling, also participates in CO 2 signaling (Xue et al., 2011; Merilo et al., 2013; Tian et al., 2015) . To assess the effect of phosphorylating S120 on the stomatal CO 2 response in vivo, a complementation line expressing a mutant SLAC1 protein in which S120 was replaced with alanine (S120A) was analyzed. The SLAC1(S120A)-GFP and SLAC1(WT)-GFP fusion constructs were introduced into a slac1 mutant, slac1-2, under the control of the native SLAC1 promoter. Gas exchange measurements demonstrated that the S120A lines and the wild-type SLAC1 complementation line had similar declining patterns of stomatal conductance in the presence of elevated CO 2 levels ( Figure 3A ). Similar results were obtained from stomatal aperture measurements ( Figure 3B ). The degree of response to CO 2 examined by stomatal aperture seems to be larger than those for stomatal conductance. This inconsistency may be due to differences in the measurement method. Either way, the stomata of these transgenic plants were irrefutably able to close in response to CO 2 . In the ABA response, stomata of the S120A lines also closed ( Figure 3C ), a result in agreement with a previous report (Brandt et al., 2015) . My data provide evidence that phosphorylation of S120 contributes relatively little to in vivo stomatal CO 2 responses.
The Sites Involved in CO 2 -Induced S-Type Anion Channel Activation Could Be
Different from the Sites of ABA Activation I examined CO 2 -or ABA-induced S-type anion channel activity in guard cells of the ΔNC transgenic lines using whole-cell patch clamp experiments. Plants respond to elevated CO 2 and 13.5 mM intracellular bicarbonate (11.5 mM free ]/2 mM free [CO 2 ]) activates S-type anion channels in guard cells Xue et al., 2011) .
Accordingly, we used 13.5 mM bicarbonate as a CO 2 stimulus for S-type anion channel activation. In addition, ABA activation of S-type anion channels was investigated. In these analyses, guard cell protoplasts (GCPs) were prepared from wild-type plants, the slac1-4 mutant and ΔNC transgenic slac1-4 lines. Whole-cell patch clamp experiments showed that bicarbonate activation of S-type anion currents was restored in the slac1-4 guard cells expressing the ΔNC protein, although S-type anion currents were partially impaired compared to wild-type ( Figure 4A and B; Figure 5A and B). Since SLAC1 is impermeable to bicarbonate (Geiger et al., 2009; Xue et al., 2011) , this result suggested that SLAC1 was activated by CO 2 signal perception in the transmembrane region. By contrast, ABA activation of S-type anion currents in the ΔNC transgenic slac1-4 guard cells was completely disrupted, similar to the slac1-4 mutant (Figure 4C and D; Figure   5C and D). Therefore, the mechanism for CO 2 -induced SLAC1 activation differs from that for ABA. 
Stomatal Response of the Single Amino Acid Substitution Lines
To investigate the possibility that SLAC1 is phosphorylated in the CO 2 -signaling pathway in a manner similar to the ABA-signaling pathway, we performed immunoblot analysis using SDS-PAGE gels containing Phos-tag, a ligand that shifts the mobility of phosphorylated proteins (Kinoshita et al., 2006) . For this analysis, proteins were extracted from GCPs that were prepared from the transgenic plants producing SLAC1-GFP after treatment with 13.5 mM bicarbonate or 10 µM ABA. SLAC1-GFP from GCPs treated with bicarbonate had a broad migration pattern that was similar to samples obtained from GCPs treated with ABA, reflecting the phosphorylated forms of SLAC1-GFP ( Figure 6 ). This result raises the possibility that SLAC1 is phosphorylated by CO 2 stimuli in vivo.
I evaluated the influence of replacing some potentially phosphorylatable amino acids in the stomatal CO 2 response using site-directed mutagenesis experiments. Serine, threonine (T), tyrosine (Y) and histidine (H) residues, potential sites for activation by phosphorylation in plant proteins, were selected as candidates for these experiments from the amino acid residues that are exposed on the membrane of the SLAC1 ΔNC protein based on a model of the protein structure ( Figure 7A ). Next, because the SLAH1 and SLAH3 genes were reported to complement the slac1-2 CO 2 -insensitive phenotype (Negi et al., 2008) , I narrowed down the candidates to Y243, H260, S317, Y462 and S471, five amino acid residues that are conserved among the SLAC1, SLAH1 and SLAH3 proteins. Transgenic lines in which each one of these five amino acids was individually substituted were constructed using the same method as for the construction of S120A. In addition, I constructed the slac1-2 mutant producing the mutant SLAC1 For this analysis, proteins were extracted from GCPs prepared from the transgenic plants expressing the SLAC1-GFP fused protein after treatment with 13.5 mM bicarbonate or 10 µM ABA. Protein samples were separated by SDS-PAGE containing Phos-tag (+ Phos-tag), a ligand that shifts the mobility of phosphorylated proteins, and analyzed by immunoblotting using a GFP antibody. The mobility of the SLAC1-GFP protein treated with bicarbonate was retarded in a manner similar to that prepared from GCPs treated with ABA. Protein samples were also separated in SDS-PAGE gels without Phos-tag (-Phos-tag). (A) Structural model of the transmembrane region of SLAC1 (amino acids 180-507) generated by homology modeling using Modeller (Fiser and Sali, 2003) . The crystal structure of HiTehA, a bacterial homologue (Haemophilus influenza) of SLAC1 (pdb ID 3M72) was used as the template for the modeling according to Chen et al. (2010) . The substituted amino acids are shown in green.
Serine (S) was substituted with alanine (A). Tyrosine (Y) and histidine (H) were substituted with phenylalanine (F). Phenylalanine 450 (F450) that has been reported to gate a central five-helix transmembrane pore of SLAC1 is shown in blue. The cytoplasmic and extracellular membrane surfaces were predicted according to (Spassov et al., 2002) protein F450A. F450 acts as a gate that regulates the SLAC1 anion channel (Chen et al., 2010) . F450A exhibited constitutively low stomatal conductance regardless of the CO 2 concentration (Figure 8) , showing that this measurement works well for evaluating the influence of replacing amino acids. GFP signals were observed in the Y243F, S317A, Y462F and S471A lines (Figure 9 ), but not in the H260F lines. These observations suggest that H260F protein is not stable in guard cells; thus, H260F lines were not used.
Gas exchange measurements of the slac1 complementation lines showed that elevated CO 2 concentrations reduced stomatal conductance in the S317A and S471A lines at levels similar to that of the wild-type SLAC1 complementation line, whereas Y243F and Y462F lines were impaired in the CO 2 response ( Figures 7B to 7F ). These results were in agreement with stomatal movement analyses ( Figure 10 ). I also tested several slac1 complementation lines for their ability to respond to ABA. All of the lines restored the ABA regulation of stomatal movements (Figure 11 ), indicating that these amino acid substitutions do not cause structural defects in the SLAC1 channel. From these findings, I conclude that it is likely that phosphorylation of some amino acids is involved in CO 2 -induced SLAC1 activation.
DISCUSSION
In this study, I demonstrated that sites involved in the stomatal CO 2 response in vivo exist in the transmembrane region of SLAC1 and that in contrast to ABA activation, the N-and C-termini of SLAC1 are not completely essential for CO 2 -induced stomatal closing. I showed that all the slac1 mutant transgenic lines producing SLAC1 proteins truncated in the N-, C-or N-and C-termini, ΔN, ΔC and ΔNC, responded to CO 2 , Phosphorylation of S59 and S120 in the N-terminal region of SLAC1 by CPK6 and OST1 are crucial for SLAC1 activation in Xenopus oocytes (Geiger et al., 2009; Lee et al., 2009; Brandt et al., 2012; Brandt et al., 2015) . CPK23, GHR1 and CIPK23 also activate SLAC1 by phosphorylating the N-terminal region (Geiger et al., 2010; Hua et al., 2012; Maierhofer et al., 2014) . The fact that the ΔN transgenic lines did not respond to ABA ( Figure 2E ) is in line with results from analyses with Xenopus oocytes and in vitro kinase assays. Whereas the N-terminal region of SLAC1 is known to be crucial for the ABA response, the significance of the C-terminal region of SLAC1 in response to ABA remains to be established in plants. Although replacement of T513 in the C-terminal region of SLAC1 by aspartate, which mimics phosphorylation, renders the SLAC1 constitutively active in the absence of any kinases in vitro (Maierhofer et al., 2014) , the physiological role of the C-terminal region of SLAC1 for stomatal responses is unknown. I showed that stomata of the ΔC truncated lines were impaired in their 23 response to ABA in planta ( Figure 2E ). My results support the findings of the previous study (Maierhofer et al., 2014) and demonstrate that the C-terminal region of SLAC1 is essential for ABA-induced stomatal closure. S120 is phosphorylated by OST1 in vitro. OST1 is a protein kinase that is involved in not only ABA signaling but also CO 2 signaling (Xue et al., 2011; Merilo et al., 2013; Tian et al., 2015) . To evaluate the effect of replacing S120 with alanine, I compared the S120A transgenic lines and a wild-type SLAC1 complementation line. These transgenic lines had a similar response to high CO 2 concentrations and ABA (Figure 3 ), suggesting that phosphorylation of S120 is not strictly required for the stomatal response in vivo. In the ost1-3 mutant, bicarbonate activation of S-type anion channels is not completely impaired (Xue et al., 2011) , providing evidence for the possible existence of some OST1-independent pathways. Since SLAC1 S120A cannot be activated by OST1 in Xenopus oocyte (Geiger et al., 2009; Brandt et al., 2015) , S120 is an absolute requirement for OST1-mediated SLAC1 activation. Thus, ΔN, ΔNC and S120A used in this study were not regulated though direct activation by OST1. Since these transgenic lines responded to CO 2 (Figure 2 ; Figure 3 ) the following possibilities are suggested: (i) the transmembrane region of SLAC1 could perceive CO 2 signals via an OST1-independent pathway or (ii) some downstream factors of OST1 interact with the transmembrane region of SLAC1. A tilling line, slac1-7, with the S120F mutation in SLAC1 is impaired in ozone-, drought-and CO 2 -induced stomatal closing, suggesting the importance of S120 in regulating SLAC1 in vivo (Vahisalu et al., 2010; Merilo et al., 2013) . However, since the slac1-7 is a tilling mutant, this line might contain additional mutations in other genes in addition to SLAC1. I cannot rule out the possibility that such mutations cause impairments in the stomatal movements of slac1-7.
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Some previous studies demonstrated that phosphorylation regulates SLAC1 activity in response to ABA as described above, but the mechanism for the CO 2 response remains unknown. The experiments using Phos-tag raise the possibility that SLAC1 is phosphorylated in response to CO 2 in vivo ( Figure 6 ). In addition, several reports provide evidence that phosphorylation of some amino acids exposed on the membrane in the transmembrane region of other channel proteins is crucial for phosphorylation-dependent regulation of channel activity (Surti et al., 2005; Baek et al., 2014; Verdoucq et al., 2014) . Based on these results, I hypothesized that phosphorylation of amino acids in the transmembrane domain causes SLAC1 activation in the CO 2 response, and performed site-directed mutagenesis experiments with transgenic plants. I analyzed stomatal responses of slac1 complementation lines expressing mutant SLAC1 proteins in which potentially phosphorylatable amino acids that are exposed on the membrane in the transmembrane region were substituted. I found that two single mutants, Y243F and Y462F, of SLAC1 could not complement the CO 2 response in the slac1 transgenic plant, whereas these mutant proteins could restore the ABA response in the plant (Figure 7B -F; Figure 10 ; Figure 11 ). These results suggest that Y243 and Y462 in wild-type SLAC1 might be promising candidates for phosphorylation that would trigger activation of the channel. These residues are located at exposed sites within the α-helical transmembrane domain in the 3D model ( Figure   7A ). Y243 is located on the cytoplasmic side of the membrane. Thus, cytosolic kinases may catalyze the phosphorylation of Y243. By contrast, Y462 is located on the extracellular side. A secreted protein kinase was reported to phosphorylate extracellular domains of transmembrane proteins (Bordoli et al., 2014) . I cannot presently exclude the notion that Y462 is phosphorylated by such secreted proteins. I also used Phos-tag The point of convergence of CO 2 and ABA signaling remains to be determined (Murata et al., 2015) . Previous studies have shown that ABA enhances CO 2 -induced stomatal closing (Raschke, 1975; Merilo et al., 2015) . Recently, Chater et al. (2015) suggested the following possibilities: (i) CO 2 -induced stomatal responses rapidly trigger ABA signaling, (ii) ABA increases the sensitivity of CO 2 -induced stomatal responses.
My present research provides evidence for the second model. In the CO 2 -specific signaling pathway, a recent study has shown that the CO 2 -permeable PIP2;1 aquaporin 26 protein is a key interactor of the ß-carbonic anhydrase 4 that catalyzes a reaction converting CO 2 into bicarbonate and protons, and mediates downstream CO 2 signaling (Wang et al., in revision) . The participation of protein kinases in bicarbonate activation of S-type anion channels has been shown in guard cells (Hashimoto et al., 2006; Xue et al., 2011; Tian et al., 2015) , and a new study also shows that SLAC1 is a bicarbonate sensor in CO 2 regulation of SLAC1 activation (Wang et al., 2016) . Taken together, these results suggest that multiple pathways could be involved in the mediation of CO 2 response in vivo, consistent with a recent study on carbonic anhydrase functions (Hu et al., 2015) . Reconstitution experiments using Xenopus oocytes are effective for understanding the individual pathways of CO 2 signaling. For the application of reconstitution experiments to ΔNC SLAC1 protein, identification of the upstream kinases that interact with the transmembrane region of SLAC1 in CO 2 signaling is required. My next step would be to identify the upstream kinases using the yeast two-hybrid system and elucidate the distinct role(s) of the two tyrosines that I identified in my present research by reconstitution experiments.
METHODS
Plant Materials and Growth Conditions
All lines of Arabidopsis used were derived from the Columbia ecotype. The mutants used in this study were slac1-2 (Negi et al., 2008) and slac1-4 (Salk_137265). Transgenic plants were generated by Agrobacterium-mediated transformation as previously described (Clough and Bent, 1998 
Transgene Construction
For truncation constructs, pHGW (Karimi et al., 2002) digested with EcoRV and self-ligated was used as a binary vector. A NOS terminator was inserted between the SacI and HindIII sites of this vector. All sequences including the SLAC1 promoter (-1568 to +1) and GFP, were isolated by PCR using the previously described pBI101-SLAC1-GFP construct (Negi et al., 2008) and inserted between the SalI and SacI sites of the binary vector. For ΔN, ΔC and ΔNC, genomic sequences corresponding to the coding regions for amino acids 179-556, 1-506 and 179-506 of the SLAC1 protein were used, respectively. All primers used for plasmid construction are listed in Table 1 . For single amino acid substitution constructs, a fragment including the single amino acid substitution was prepared by recombinant PCR and inserted into the corresponding sites of pBI101-SLAC1-GFP (Negi et al., 2008) . The DNA sequences harboring mutations causing the amino acid substitutions are listed in Table 2 .
Transgene Expression Analysis
Leaf epidermal peels prepared from stable transgenic plants harboring the ΔN, ΔC or ΔNC constructs were analyzed for GFP fluorescence using a fluorescence microscope (IX73, Olympus). The filter set used was U-FGFP (exciter, BP460-480; emitter, BP495-540) 
Isolation of Guard Cell Protoplasts
GCPs were isolated as described elsewhere with some modifications (Negi et al., 2008) .
Detached leaves were blended for 1 min and filtered through a 100-µm nylon mesh. Protoplasts were filtered through four layers of 10-µm nylon mesh and collected by centrifugation at 1,000g for 10 min. To remove mesophyll cell fragments and other contaminants, the protoplasts were subjected to density gradient centrifugation using
Histopaque-1077 (Sigma-Aldrich) according to the method described previously (Negi et al., 2008) .
Patch Clamp Analyses
Guard cell protoplasts were washed twice with washing solution containing 1 mM 
Phos-Tag SDS-PAGE and Immunological Analysis
GCPs were treated with 13.5 mM CsHCO 3 or 10 µM ABA in a buffer containing 30 mM CsCl, 2 mM MgCl 2 , 1 mM CaCl 2 , 10 mM MES-Tris (pH 5.6) and 0.4 M mannitol for 30 min. Total proteins were extracted from the GCPs in a lysis buffer containing 150 mM NaCl, 10% glycerol, 50 mM Tris-HCl (pH 7.5), 0.5% (v/v) Triton-X and 1 mM EDTA. Subsequently, an equal quantity of sample buffer containing 4% (w/v) SDS, 20% (v/v) glycerol, 125 mM Tris-HCl (pH 6.8) and 200 mM DTT was added to the protein lysate. The separation of phosphorylated proteins with Phos-tag SDS-PAGE was described previously (Kinoshita et al., 2006 
